INTRODUCTION
The immunomodulatory functions of dietary polyunsaturated fatty acids (PUFA) have been widely studied in mammals, but information on poultry, especially broiler breeders, is limited. The PUFA (n-6 and n-3) are precursors of immunoregulatory eicosanoids such as prostaglandins (PG) and leukotrienes. The n-6 arachidonic acid metabolite prostaglandin E 2 (PGE 2 ) stimulates the humoral component of the immune response and may suppress the cellular responses as well as other n-6 fatty acids. Linoleic acid (LA) inhibited the proliferation of rodent and human lymphocytes (Søyland et al., 1993; Calder, 2006) and decreased the production of interleukin (IL)-2 by mitogen-stimulated rat and human lymphocytes (Calder, 1999) . Diets enriched with fish oil are rich in the long-chain n-3 PUFA eicosapentaenoic acid (EPA), docosahexaenoic acid (DHA), and linolenic acid (LNA), which have anti-inflammatory properties (Surette et al., 1995) and are known to increase delayed-type hypersensitivity (Korver and Klasing, 1997) , increase antibody responses (Friedman and Sklan, 1995) , and decrease lymphocyte proliferation (Fritsche et al., 1991) .
Metabolic activities of n-3 and n-6 are intertwined, and the measured effect of a single PUFA (n-3 or n-6) may depend on the level of the other PUFA (n-3 and n-6) in the diet. Feeding n-3 PUFA to poultry either increased Leshchinsky and Klasing, 2001) or decreased (Parmentier et al., 1997 ) the antibody response. Similarly, antibody responses increased (Sijben et al., 2001) or decreased (Friedman and Sklan, 1995 ) with n-6 PUFA feeding. This apparent discrepancy may be due to the different antigens (directly) and to different dietary levels of n-3 and n-6 PUFA (indirectly) influencing the antibody responses.
The quantity of elongated PUFA in tissues and membrane lipids depends not only on the quantity of their
The effect of dietary n-6:n-3 ratio and sex on broiler breeder immunity precursors but also on the quantity of their competitors. The metabolic pathways of the principal n-6 and n-3 PUFA by which eicosanoids are formed are characterized by competition for the binding sites of desaturase and elongase enzymes or, in the last stage of eicosanoid synthesis, competition between cyclooxygenase and lipoxygenase (Kinsella, 1991) . The enrichment of cell membrane n-3 PUFA is associated with a decreased inflammatory response, an improvement in the growth rate, and either an increase or no change in specific immunity (Korver and Klasing, 1997) . A change in the dietary ratio of n-6 to n-3 PUFA may alter the magnitude and type of immune response, which may be due to the inhibitory effect on arachidonic acid conversion as n-6 PUFA competes with n-3 PUFA for binding sites of the same elongases, desaturases, and oxygenases (Horrobin et al., 1991) . Several studies have reported no significant differences between male and female broiler chickens and turkeys in the antibody response against SRBC (Zahran et al., 2000; Cheema et al., 2003; Al-Mufarrej et al., 2005) , heterophil:lymphocyte ratios (Huff et al., 1999) , and the lymphoblastogenic response against phytohemagglutinin-P (PHA-P; Cheema et al., 2003; Corrier, 1990; Kowalski, 2002) . These authors reported no significant difference between male and female broiler breeders in the dermal swelling response to PHA-P injection at all measurement times or in the antibody response to SRBC antigen.
The contradictory results obtained from poultry and mammalian studies on the effects of dietary n-6 and n-3 PUFA on antibody production and immune cell subset populations may be due to the different species, basal diets, fat levels, n-6:n-3 ratios, and n-3 PUFA used in the different studies. Modulation of the immune status of chickens may produce beneficial effects and provide a new avenue to improve poultry production. The purpose of this study was to investigate the effect of feeding fatty acids with varying n-6:n-3 ratios on the immune tissue PUFA status, immune cell proliferation, antibodies against SRBC, and growth performance of broiler breeders.
MATERIALS AND METHODS

Birds and Housing
Four hundred female broiler breeders (Ross 308) were equally grouped into 20 pens, and 48 roosters (Ross 308) were reared separately in 16 pens (3 roosters in each pen). Two other roosters per pen of hens were used to maintain egg fertility. They were fed rooster diets and were not used in the immunity tests. The trial was performed from 30 to 35 wk of age. The hens were housed in pens of 3.74 m 2 (1.7 × 2.2 m), and the roosters had 1 m 2 of floor space. During the 15.5-h light periods (15.5L:8.5 D), each pen was illuminated with one 90-W incandescent light bulb. Housing and management of birds during the prebreeder and breeder periods were as described in the Ross 308 Parent Stock Management Manual (Ross Breeders Limited, 2007) . The birds were obtained from Simorgh, a local breeder company in Mashhad, Iran.
Experimental Design
Effects of dietary PUFA were studied by using a 4 × 2 factorial arrangement with 4 diets (4 n-6:n-3 PUFA ratios) and 2 broiler breeder sexes. Fish oil and soybean oil were added to the diets to achieve n-6:n-3 PUFA ratios of 4, 6, 8, and 16 (Table 1 ). All 4 basal corn-soybean mash diets contained 3.5% oil for each sex and were formulated to be isocaloric and isonitrogenous. The level of LA was maintained at 1.2% in all diets to prevent a reduction in egg size. The amounts of feed were adjusted weekly to maintain BW gains and optimal hen-day egg production as recommended by the Ross 308 Parent Stock Management Manual (Ross Breeders Limited, 2007) . The BW and feed intake of hens and roosters were recorded weekly for the entire experimental period. All birds were in a healthy condition, and no mortality or clinical signs of diseases were observed during the entire period of the experiment. The experimental protocol was reviewed and approved by the Animal Care Committee of the Ferdowsi University of Mashhad.
Toe Web Swelling Test
The lymphoproliferative response to PHA-P, as an indicator of a T-cell-induced delayed-type hypersensitivity reaction, was assessed as described previously (Corrier and DeLoach, 1990) . The toe web swelling reaction to PHA-P was measured in 3 hens and 1 rooster from each pen (marked with a black color) after collection of the fertilized eggs at wk 32. One-fifth milliliter of a PHA-P solution (1 mg/mL in PBS) was injected subcutaneously into 2 sites on the left toe web of the hens and roosters. As a sham control, 0.2 mL of PBS was injected into 2 sites on the right toe web. The thickness of each injection site was measured using a pressure-sensitive micrometer before injection and at 4, 8, 24, and 48 h after injection. The toe web swelling reactions to PHA-P were calculated using the following swelling index: swelling index = [(thickness of left toe web after PHA-P injection − initial thickness of left toe web) − (thickness of right toe web after PBS injection − initial thickness of right toe web)].
Antibody Response to SRBC
Sheep red blood cells were used as T-dependent antigens to quantify the antibody response. Three hens and 1 rooster from each pen (marked with a green color) were injected with SRBC (2.5% suspension in PBS, 1 mL/bird) intramuscularly at 33 wk of age, followed by a booster injection of the SRBC suspension (2.5% suspension in PBS, 1 mL/bird) 10 d after the first in-jection. Blood samples were collected 6 and 9 d after the first and second injections. The serum from each sample was collected, heat inactivated at 56°C for 30 min, and then analyzed for total anti-SRBC antibodies as described previously (Yamamoto and Glick, 1982; Qureshi and Havenstein, 1994) . Briefly, 50 μL of serum was added in an equal amount of PBS in the first column of a 96-well plate with a V-shaped bottom (Corning, Corning, NY), and the wells were incubated for 30 min at 37°C. A serial dilution was then made (1:2), and 50 μL of a 2% SRBC suspension was added to each well. Total antibody titers were then read after 30 min of incubation at 37°C. The well immediately preceding a well with a distinct SRBC button (agglutinated red blood cells) was considered the endpoint titer for agglutination.
In Vitro Lymphocyte Proliferation to PHA-P
An in vitro lymphocyte stimulation test (LST) was performed to determine the effect of dietary n-6:n-3 PUFA ratios on the in vitro T-cell proliferation capacity. The peripheral blood lymphocytes from 1 hen and 1 rooster from each pen (marked with a black color) were used for the LST, with PHA-P stimulation at 34 wk of age. Peripheral blood lymphocytes were tested for proliferation in a final concentration of 1 × 10 7 cells/ mL by using 25 μg/mL of PHA-P, and 0.2 mL of a solution containing blood lymphocytes was added to each well. The cultures were set up in triplicate with or without the presence of the stimulus (PHA-P). The procedure of Sijben et al. (2000) for isolating and culturing the media was followed, with some modifications. Dimethylthiazol dye was used to determine the rate of lymphocyte proliferation. The blood lymphocytes were incubated for 48 h at 37°C, and then 15 μg of dimethyl sulfoxide was added to each well. Finally, the wells were reincubated for 4 h at 37°C. The optical density of samples was read on an automated ELISA reader (model EL340 Biokinetics Reader, Biotechnical Instruments, Winooski, VT) at 630 nm. Results were reported as LST index = sample optical density/negative control mean.
Spleen Collection
One rooster from each pen was killed by cervical dislocation, and spleen samples were manually harvested and stored at −20°C for fatty acid analysis at 35 wk of age.
Fatty Acid Analysis
Total lipids were extracted from the spleen by the method of Folch et al. (1957) . The extracted lipid was methylated using a low-temperature direct methylation method with methanolic KOH (Dugan et al., 1966) . Briefly, fatty acid analysis was performed with a Varian 3800 gas chromatograph (Varian, Palo Alto, CA) equipped with a flame-ionization detector and an SP-2330 fused-silica capillary column (30 × 0.25 mm i.d.; Sigma-Aldrich, St. Louis, MO). Fatty acid methyl esters were identified by comparison with retention times of authentic standards obtained from Sigma-Aldrich (Manku et al., 1983) . Peak areas and percentages were calculated using Hewlett-Packard ChemStation software (Agilent Technologies Inc., Wilmington, DE), and fatty acid values were reported as the weight percentage of the total fatty acids (g/100 g of fatty acid). In addition, fatty acid profiles of the diets were determined (Table 2) .
Statistical Analysis
All measured criteria on the effects of dietary n-6:n-3 ratio and broiler breeder sex on the immune response were analyzed by 2-way ANOVA with the GLM procedure (SAS Institute Inc., Cary, NC), with diet and sex as the main effects. Fatty acids and BW data were analyzed by one-way ANOVA (SAS Institute Inc.). Duncan's multiple range tests were used to compare means (P < 0.05).
RESULTS
Toe Web Thickness Index
The toe web thickness index from 4 to 48 h postinjection was significantly (P < 0.05) influenced by dietary n-6:n-3 ratio and broiler breeder sex (Table 3 ). The increase in the ratio of n-6:n-3 PUFA from 4 to 8 increased the thickness of the toe web index from 0.370 to 0.787 mm at 4 h postinjection, but this value declined at an n-6:n-3 ratio of 16. This trend was repeated at 8, 24, and 48 h after injection. The birds fed diets containing an n-6:n-3 ratio of 8 exhibited the highest value for the toe web thickness index (P < 0.05). The toe web thickness values in birds fed all diets decreased progressively with time after the injection.
The toe web thickness index was significantly influenced by broiler breeder sex at all times measured (P < 0.05). The toe web thickness index was higher in males than in females. A significant interaction was found between sex and dietary n-6:n-3 ratio at all times measured.
Antibody Response to SRBC
The effects of n-6:n-3 ratio and broiler breeder sex on total antibody production in response to SRBC are shown in Table 3 . Dietary n-6:n-3 ratio did not influence the total antibody response of broiler breeders to SRBC. However, the lowest primary and secondary antibody responses were observed in birds fed diets with an n-6:n-3 ratio of 8. Furthermore, results indicated that the total antibody level was higher in the first sampling after the SRBC injection. The booster injection given after a decline in total antibodies against SRBC increased the total antibody levels in birds. Broiler breeder sex had a significant effect on total antibodies against SRBC only at the second blood sampling (P < 0.05). A significant interaction was observed (P = 0.0001) between sex and dietary n-6:n-3 ratio in the primary antibody response. Hen diet n-6:n-3 ratio Rooster diet n-6:n-3 ratio 
Lymphocyte Proliferation Index
The lymphocyte proliferation results are shown in Table 3 . Dietary n-6:n-3 ratio and broiler breeder sex did not have a significant effect on lymphocyte proliferation after the PHA-P injection (P > 0.05). An increase in the n-6:n-3 ratio from 4 to 16 numerically increased the lymphocyte proliferation index from 0.763 to 1.011. The sex of broiler breeders did not have a significant effect on the cell-mediated immunity of the birds (P < 0.05).
Spleen Fatty Acid Composition
The effects of n-6:n-3 fatty acid ratios on the spleen are shown in Table 4 . The dietary n-6:n-3 ratio significantly increased the n-3 fatty acids and decreased the n-6 fatty acids in the entire spleen (P < 0.05). An increase in the dietary n-6:n-3 ratio significantly increased the EPA, DHA, oleic acid, and total n-3 concentrations and decreased the LA, arachidonic acid, and total n-6 concentrations as well as the n-6:n-3 fatty acid ratio of the entire spleen (P < 0.05). The roosters fed the diet containing an n-6:n-3 ratio of 4 had a higher unsaturated-to-saturated fatty acid ratio in the fatty acids of their entire spleen than did those fed the other diets (P < 0.05). Increases in monounsaturated fatty acids and the unsaturated-to-saturated fatty acid ratio of the entire spleen were observed in roosters fed diets containing an n-6:n-3 ratio of 4.
DISCUSSION
This study examined the effects of sex and dietary n-6:n-3 ratio on the antibody responses of broiler breeders after challenge with an antigen (SRBC) and a mitogen (PHA-P). The PHA-P, a T-cell mitogen, induced the proliferation of T-lymphocytes. Injection of PHA-P at a selected site in chickens was considered to induce a localized in vivo T-lymphoproliferative response. This response was measured at 24 and 48 h after PHA-P injection into the toe web. Broiler and layer-type chicks differ in their responses to PHA-P, with broiler chicks having greater responses than layer-type chickens (Corrier and DeLoach, 1990) . The subcutaneous challenge of birds with PHA-P resulted in swelling of the toe web at 4 and 24 h after injection. The 4-h response may be based on precipitating antibodies leading to type III hypersensitivity, with characteristics of passive cutaneous hypersensitivity as indicated previously (Parmentier et al., 1997) , whereas the 24-h response may represent type IV delayed-type hypersensitivity.
Suppression of the delayed-type hypersensitivity response by n-3 PUFA has been reported in chickens (Fritsche et al., 1991) , broiler breeder hens (Takahashi et al., 2003) , rats (Hayashi et al., 1998) , and dogs (Wander et al., 1997) . This effect might be due, in part, to reductions in the levels of arachidonic acid and arachidonic acid-derived eicosanoids. Omega-3 PUFA modify both the quantity and diversity of eicosanoid production (Dinarello, 1988) , and Meydani and Blum- Means within a row without a common superscript are significantly different (P < 0.05). 1 The amount of phytohemagglutinin-P (PHA-P) used was 0.2 mL. 2 Data represent the mean ± SE of log 2 of the reciprocal of the last dilution exhibiting agglutination. 3 LTS = lymphocyte proliferation test. Data are represented as optical density of treated wells with PHA-P/negative control. 4 PPI = primary postinjection. 5 SPI = secondary postinjection.
berg (1993) reported a decrease in IL-1, tumor necrosis factor, and IL-6 production in rats after feeding fish oil. Decreased cytokine production may contribute to decreased mitogen-presenting cell activity and the delayed-type hypersensitivity response. Omega-3 fatty acids can also directly influence the expression of major histocompatibility complex class II antigen on cellular membranes (Hughes and Pinder, 2000) and T-cell proliferation (Wang et al., 2000b) . Total antibody titers against SRBC were not significantly affected by dietary n-6:n-3 ratio, although in the first sampling after each injection, the titer was higher than after the second sampling (P < 0.05). Antibodies block the antigenic sites of an antigen and mucosal adhesive molecules to protect the host from various infections and to facilitate clearance of bloodborne antigens. Antibodies also induce hypersensitivity, activation of the complement system, and antibody-dependent cell cytotoxicity to facilitate clearance of pathogens from infectious sites . Total antibodies are assumed to represent the potential humoral immune response of chickens exposed to antigenic challenges. When the n-6:n-3 ratios of PUFA in the diets were increased from 4 to 16 in the present study, there was no dominant effect of n-6 or n-3 fatty acids on antibody production against SRBC. However, when the levels of n-3 and n-6 PUFA were increased, the effect of n-3 was expected to be dominant because desaturases have greater affinity for the n-3 PUFA substrate than for the n-6 PUFA substrate (Sijben et al., 2000) . The relative importance of desaturation is α-LNA > LA > oleic acid, and their ratio is 10:3:1 (Brenner and Peluffo, 1966; Lokesh et al., 1988) .
A high level of n-6 PUFA is expected to favor a Thelper cell (TH)-2-like response at the expense of a TH-1-like response, whereas n-3 PUFA are expected to have the opposite effect (Sijben et al., 2001) . Prostaglandin E 2 has been demonstrated to upregulate IL-1 receptor expression on peripheral blood mononuclear cells (Kunkel et al., 1986) . Binding of IL-1 to its receptors stimulates PGE 2 production. Such a feedback system may promote PG synthesis and favor the TH-2 subset, which led Phipps et al. (1991) to speculate that dietary PUFA, such as LA and LNA, may have different effects on antibody and cellular immune responses in chickens via PG metabolism. The TH-2-dependent antibody responses were enhanced by n-6, whereas n-3 attenuated the antibody response to a TH-1-dependent antigen. Docosahexaenoic acid or EPA may be stronger competitors for PG synthetase than LNA. The antibody response to SRBC was affected by diets containing high levels of fish oil rich in these fatty acids . These observations support the hypothesis that the increase in n-6 PUFA downregulates the response to a TH-1 antigen. Table 4 . Effect of dietary n-6:n-3 ratio on the fatty acid profile of the entire spleen of roosters (% of total fat) Item n-6:n-3 ratio in rooster diets Means within a row without a common superscript are significantly different (P < 0.05). 1 SFA = saturated fatty acids. SFA levels were calculated as C14:0 + C16:0 + C17:0 + C18:0 + C20:0. 2 MUFA = monounsaturated fatty acids. MUFA levels were calculated as C16:1n-7 + C17:1n-7 + C18:1n-7 + C18:1n-9. 3 PUFA = polyunsaturated fatty acids. PUFA levels were calculated as C18:2n-6 + C18:3n-3 + C20:4n-6 + C20:5n-3 + C22:4n-6 + C22:5n-6 + C22:6n-3.
4 Total n-3 was calculated as C18:3n-3 + C20:5n-3 + C22:6n-3. 5 Total n-6 was calculated as C18:2n-6 + C20:4n-6 + C22:4n-6. 6 UFA = unsaturated fatty acids as total MUFA + total PUFA.
Incorporating fish oil in diets and increasing the ratio of n-6:n-3 from 4 to 16 in our study did not have a marked suppression of in vitro lymphocyte proliferation in broiler breeders. Despite the marked changes in fatty acid composition caused by the n-6:n-3 ratios, the diets did not alter lymphocyte proliferation, and lymphocytes challenged by PHA-P did not clearly show the T-cell response (P > 0.05). Moreover, the addition of fish oil in the broiler breeder diets increased the n-6:n-3 ratio of splenocytes, clearly indicating that the incorporation of n-3 in membranes was preferred to the incorporation of n-6 PUFA (Korver and Klasing, 1997) . It is possible that the low amounts of fish and soybean oils added and the constant amount of LA in the diets influenced the lymphocyte proliferation index.
Lymphocyte proliferation depends on the production of IL-2. One may speculate that the effect of dietary n-3 on lymphocyte stimulation is caused by an increase in competition of n-3 and n-6 PUFA for the binding sites of cyclooxygenase to produce PGE 2 . In the present study, the amount of fish oil fed to broiler breeders was lower than the amounts in other experiments (Fritsche et al., 1991) . Using 5% of different oils (fish and linseed oils), those authors showed that the inclusion of 5% fish oil in laying hen diets suppressed the spleen lymphocyte proliferation by approximately 30% relative to the soybean oil diet. Their results were partially in agreement with 30 to 50% of suppression by feeding chicks diets containing 7% of n-3 PUFA from fish oil or linseed oil (Kelley et al., 1997 (Kelley et al., , 1998 Thies et al., 2001 ). Our results were in agreement with other studies on broiler chickens that used a larger range of dietary n-6:n-3 PUFA (LA-to-LNA) ratios, such as 0.3 to 59 and 0.8 to 29 (Wang et al., 2000a) , which reported a decrease in lymphocyte proliferation.
The results of the present study illustrated that rooster broiler breeders had significantly higher cellmediated immunity than hen broiler breeders (P > 0.05). Conversely, hen broiler breeders had higher antibody levels than roosters (P > 0.05) only in the second blood sampling after each SRBC injection. These results revealed that male broiler breeders have more cell-mediated immunity than female broiler breeders. No significant differences were observed between males and females in the in vitro lymphocyte proliferation response to PHA-P.
Male chickens have been found to be more susceptible than females to infection with parasitic worms (Kalantan et al., 1991 ), Marek's disease virus (Martin et al., 1989) , and Escherichia coli (Leitner et al., 1989; Leitner and Heller, 1992) . Male turkeys had significantly higher corticosterone levels compared with females after challenge with E. coli and transport stress, but the heterophil:lymphocyte ratios were not significantly different between male and female turkeys (Huff et al., 1999 (Huff et al., , 2006 . These results suggest that the genetic selection for rapid growth and increased BW in poultry, particularly in males, and the well-documented correlation of this selection with decreased resistance to disease provides a valuable model for dissecting the mechanisms that must interact in determining the individual responses to stress.
In conclusion, under the conditions of this study, the ratio of n-6:n-3 PUFA in diets with low amounts of additional fish oil did not have a significant effect on the antibody response or on in vitro lymphocyte proliferation (P < 0.05). However, dietary n-6:n-3 ratio and broiler breeder sex significantly influenced the cellmediated immunity of male broiler breeders (P > 0.05). It is probably more important to consider the amount of n-3 and n-6 in low-fat diets than the respective ratios because the n-6:n-3 PUFA ratios did not influence the immune responses of the birds.
